Abstract. Despite an improvement in the efficacy of chemotherapeutic agents, the outcome of patients with prostate cancer remains poor. MicroRNA (miRNA/miR)-139 expression is often downregulated in multiple types of tumor, including in prostate cancer. The aim of the present study was to investigate the inhibitory effect of miR-139 on the PC-3, C4-2B and LNCaP prostate cancer cell lines. Analysis of the cell cycle of PC-3, C4-2B and LNCaP cells transfected with miR-139 revealed a significantly increased percentage of cells in the G 1 phase and a decreased percentage in the S and G 2 phases compared with those transfected with a negative control miRNA. The growth inhibitory rate of miR-139-transfected cells 24, 48 and 72 h after transfection were 32.83±2.61, 52.58±3.2 and 62.36±4.55% in PC-3 cells; 30.28±2.25, 51.74±3.27 and 60.80±3.58% in C4-2B cells; and 33.20±2.67, 51.83±3.59 and 61.79±4.85% in LNCaP cells, respectively. The present study revealed that miR-139 inhibited the proliferation of prostate cancer cells by interfering with the cell cycle. Further study into the mechanism by which this happened suggested that miR-139 reduced cyclin D1 expression and inhibited cell proliferation through targeting Notch1.
Introduction
Prostate cancer (PCa) remains the most commonly diagnosed cancer and the third most common cause of cancer-associated mortality among males in western countries (1) . In China, the incidence rate of PCa is increasing year by year and has already exceeded the incidence of bladder cancer (2) . The majority of patients with middle/late stage or recurrence of PCa exhibit androgen-independent growth and resistance to multiple therapies, which leads to the failure of conventional treatment and a high mortality rate (3) . Therefore, there is an urgent requirement to identify effective biomarkers to strengthen the efficiency of early diagnosis and improve the therapeutic strategies used to treat PCa (4) .
MicroRNAs (miRNAs/miRs) are endogenously expressed, small non-coding RNAs that regulate target gene expression, cell proliferation, cell differentiation and cell apoptosis through combination with the 3'-untranslated region (3'-UTR) of target mRNAs to induce mRNA degradation. Previous studies have revealed an association between the expression of various miRNAs and tumorigenesis, invasion, metastasis, resistance to chemotherapy and poor prognosis (5, 6) .
There is evidence linking the reduced expression of miR-139 to cancer progression and carcinogenesis (7) . For instance, miR-139 inhibits cell proliferation and invasion by targeting the expression of insulin-like growth factor 1 receptor in non-small cell lung cancer (8) . miR-139 also exerts a tumor suppressor function by targeting Notch1 in colorectal and breast cancer (9, 10) . To the best of our knowledge, the effects of miR-139 in PCa, and the molecular mechanisms underlying these effects, remain elusive. Therefore, the present study aimed to investigate the biological functions of miR-139 on the cell cycle, proliferation, apoptosis, migration and invasion in PCa.
Materials and methods
Cell lines and tissue samples. The PCa PC-3, C4-2B and LNCaP cell lines were grown in a 37˚C, 5% (v/v) CO 2 growth chamber. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin solution. Reverse transcription-quantitative polymerase chain reaction. miRNAs were isolated using the miRNeasy Mini kit (Qiagen Inc.) according to the manufacturer's protocol. miRNAs were assayed using TaqMan MicroRNA assays (Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's protocol. Samples were normalized to U6 small nuclear RNA (Applied Biosystems; Thermo Fisher Scientific, Inc.). The comparative Cq method (11) was used to calculate the relative changes in gene expression on the Applied Biosystems ® 7500 Fast Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) using the following thermocycler program for all genes: 5 min of pre-incubation at 95˚C followed by 40 cycles of 15 sec at 95˚C, 15 sec at 60˚C, and 30 sec at 72˚C. The primers used were as follows: miR-139-5p, forward, 5'-CCT CTA CAG TGC ACG TGT CTC-3', and reverse, 5'-CGC TGT TCT CAT CTG TCT CGC-3'; and U6, forward, 5'-TGC TCG CTT CGG CAG C-3' , and reverse, 5'-AAA AAT ATG GAA CGC TTC ACG-3'. miRNA transfection. Cells were plated in DMEM without antibiotics ~24 h prior to transfection. Transient transfection of a human miR-139-5p precursor (has-miR-139-5P mimic; cat no. MIMAT0000250; Ambion; Thermo Fisher Scientific, Inc.) or miRNA mimic negative control (miR-CN; cat no. AM7110; Ambion, Thermo Fisher Scientific, Inc.) was performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
Apoptosis assays. Apoptosis was assessed by measuring the membrane redistribution of phosphatidylserine using an Annexin V-FITC Apoptosis Detection kit (BD Pharmingen; BD Biosciences, San Jose, CA, USA). A total of 1x10 6 cells were collected, washed twice with PBS and resuspended in 500 µl of the kit's staining solution, containing fluorescein isothiocyanate-conjugated Annexin V antibodies and propidium iodide (PI). Following incubation on ice for 30 min, the cells were analyzed using a BD FACSCalibur flow cytometer and CellQuest Pro software (version 5.1; BD Biosciences). Basal apoptosis and necrosis rates were determined in untranfected cells.
Cell cycle analysis by fluorescence activated cell sorting. Cells were trypsinized, washed twice in ice-cold PBS, and fixed with cold 70% ethanol for 24 h. Propidium iodide solution (40 µg/ml) and RNase A (cat. no. EN0531; Thermo Fisher Scientific, Inc.) were added to the cells, which were then incubated for 45 min in the dark at 4˚C prior to analysis.
Cell proliferation assay. Cells were seeded at a density of 2х10 3 per well in 96-well plates and incubated in DMEM containing 10% FBS. Following seeding, cells were transfected as aforementioned. The tetrazolium salt MTT was added to the wells, cells were incubated for 4 h at 37˚C, then the medium was changed with 150 µl dimethyl sulfoxide at room temperature to dissolve the formazan crystals, the optical density (OD) was measured at 490 nm using a microplate reader. The growth inhibitory rate=(1-OD value of the observed group/OD value of the control group) x100%.
Wound healing assay. Cells were grown on 6-well plates. At 24 h after transfection, the confluent cells were carefully scratched using a 200 µl pipette tip. Images were captured in 8 different regions per well at 0 and 48 h using a Zeiss Axiovert 200 M (Zeiss AG, Oberkochen, Germany) inverted light microscope. For each region, the distance migrated by the cells was measured at 3 different points. The migrated distance was recorded as a mean of 24 points every hour. Then, the formula [mean speed ( µm/min)=migration distance/migration time] was used to assess the migration speed of tumor cells.
Cell invasion assay. The cell invasion assay was performed using Boyden Transwell chambers (8.5 mm in diameter) with Matrigel added to the filters (pore size, 8 µm; Costar; Corning Incorporated, Corning, NY, USA). Briefly, 500 µl DMEM containing 10% FBS was added to the bottom well. At 24 h after transfection, cells were re-suspended in DMEM without FBS at a concentration of 1x10 6 cells/ml, and 500 µl cell suspension was added to the top well. Following incubation at 37˚C for 36 h, the cells that had not migrated were removed from the upper surface of the filters using cotton swabs, and those that had invaded to the lower surface of the filters were fixed in 100% methanol at room temperature for 15 min, followed by staining with 0.05% crystal violet at room temperature for 2 h. Invasiveness was determined by counting the mean number of cells within five random fields of view using an inverted light microscope (magnification, x100).
Dual luciferase reporter assay. Potential miR-139-5p binding sites were predicted using TargetScan (www.targetscan.org). The sequence of 42 bp segments with the wild-type or mutant 3'UTR seed region of Notch1 (prepared by the deletion of 10 nucleotides in the seed region) was synthesized and cloned into a pMIR-REPORT luciferase vector (Applied Biosystems; Thermo Fisher Scientific, Inc.). The synthesized oligonucleotides were as follows: Wild-type Notch1: 5'-CTA GTG ACT TTA AAA GT G AT C TAC AT G AG G A AC T GT AGA T GA TGT GAG CT-3'; 5'-CAC ATC ATC TAC AGT TCC TCA TGT AGA TCA CTT TTA AAG TCA-3'; Mutant Notch1: 5'-CTA GTG ACT TTA AAA GTG ATC TAC ATG AGT GAT GTG AGC T-3'; 5'-CAC ATC ACT CAT GTA GAT CAC TTT TAA AGT CA-3' . The Notch1 construct or control construct was co-transfected into C4-2B and PC-3 cells along with miR-139 or miR-CN using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Firefly luciferase activity was measured 48 h following transfection and normalized against Renilla luciferase activity, using the Dual Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol.
Western blot analysis. Cells were lysed on ice for 30 min with a lysis buffer containing 150 mmol/l NaCl, 50 mmol/l Tris (pH 7.4), 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail (cat. no. S8830; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), then the product were centrifuged at 14,000 x g at 4˚C for 30 min. A total of 100 µg protein were denatured in SDS sample buffer [2% SDS, 62.5 mM Tris-base (pH 6.8), 10% glycerol, 5% β-mercaptoethanol, and 0.005% bromophenol blue] and loaded onto a 10% SDS-PAGE gel. The separated proteins were transferred onto nitrocellulose membranes and the membranes were blocked overnight at 4˚C in TBS with 5% (w/v) powdered skimmed milk, and were stained with the recommended dilution of primary antibodies against Notch1 (cat. no. 3447; dilution. 1:1,000), cyclin D1 (cat. no. 2978; dilution, 1:1,500), MMP7 (cat. no. 3801; dilution, 1:1,000), MMP9 (cat. no. 13667; dilution, 1:1,000) and β-actin (cat. no. 4970; dilution, 1:1,500) at room temperature for 2 h (all from Cell Signaling Technology, Inc., Danvers, MA, USA). Following washing, the blots were incubated with a 1:2,000 dilution of goat-anti-rabbit (cat. no. 7074; Cell Signaling Technology Inc.) or goat-anti-mouse (cat. no. 7076; Cell Signaling Technology Inc.) immunoglobulin G antibodies conjugated to horseradish peroxidase at room temperature for 1 h. The blots were developed with the Enhanced Chemiluminescence Western Blot detection kit (Pierce; Thermo Fisher Scientific).
Transmission electron microscopy. Cell pellets were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at room temperature for 5 min. Firstly, 10 ml 1x PBS was added to a Petri dish containing the cells to briefly wash them. Next, the supernatant was discarded and 1 ml 1x fixative was added into the dish at room temperature. Following this, cells were scraped and transferred into a 1.5-ml Eppendorf tube. The cells were then centrifuged at 500-800 x g at room temperature for 5 min. The pellet was embedded in epoxy resin at 60˚C for 48 h. Ultra-thin sections (100 nm) were cut with an ultramicrotome and stained with 5% uranyl acetate in 50% ethanol, followed by 2% aqueous lead citrate at 37˚C for 30 min. Finally, the ultra-thin sections were observed on a Philips CM12 Microscope (FEI Inc., Eindhoven, Netherlands).
Statistical analysis. Results are reported from at least three different experiments. Statistical analyses were performed with SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). For the comparisons between 2 groups (cell cycle assay, cell invasion assay, wound healing assay and dual luciferase reporter assay), Student's t-test was used for analysis. For combination studies (miR-139-5P expression data), one-way analysis of variance followed by least-significant difference post-hoc test was used for analysis. All data are reported as the mean ± standard error of the mean.
Results

miR-139 inhibits the proliferative activity of PCa cells.
miR-139-5P expression data were detected for BPH (n=10) and PCa (n=10) patient samples, and the PC-3, C4-2B and LNCaP PCa cell lines. miR-139-5P expression was higher in BPH tissue compared with the prostate cancer tissue, suggesting that there was a significant decrease in the expression level of miR-139-5P in PCa (P<0.001; Fig. 1A) . Additionally, the expression of miR-139-5P in the three PCa cell lines was lower than BPH tissue (Fig. 1A) .
The (Fig. 1B) . The inhibition rate of the three transfected PCa cell lines increased over time, and it was concluded that miR-139 may inhibit PCa cell proliferation.
miR-139 induces G 0/1 -phase cell cycle arrest in PCa cells.
The three aforementioned PCa cell lines were transfected with miR-139 or the miR-CN, and the cell cycle distribution was assessed using flow cytometry. The distribution results differed between transfected and control cells. The proportion of miR-139 transfected cells in G 1 , S and G 2 phase were 71.38±1.52, 17.63±1.04 and 10.43±0.96%, respectively, in PC-3 cells (Fig. 2A) ; 67.86±1.46, 10.45±0.98 and 21.62±1.08%, respectively, in C4-2B cells (Fig. 2B) ; and 66.74±1.52, 10.18±0.93 and 23.04±1.08% in LNCaP cells (Fig. 2C) Fig. 3A) . Similarly, cell invasiveness for each cell line following transfection with miR-139 or the negative control was also observed using a Matrigel transwell assay. The results revealed a significant difference between the miR-139 and miR-NC groups (P<0.001; Fig. 3B ). Consequently, it was concluded that cell migration and invasion were reduced by transfection with miR-139.
miR-139 decreases the expression of the target genes Notch1
and cyclin D1. Complementary base pairing was found between the Notch1 3'UTR and miR-139, as discovered by computational analysis (Fig. 4A) , and a dual luciferase reporter assay revealed that luciferase activity was significantly lower in C4-2B and PC-3 cells when co-transfected with a Notch1 wild-type 3'UTR and miR-139 compared with transfection with a mutant Notch1 3'UTR and miR-139 (P<0.001; Fig. 4B and C) . These results indicated that miR-139 was bound to the Notch1 3'UTR sequence. In addition, western blot analysis revealed that the levels of Notch1, matrix metalloproteinase (MMP)7, MMP9 and cyclin D1 in miR-139-transfected cells were decreased compared with those in the negative control group (Fig. 4D and E) . Ultrastructural observation by transmission electron microscopy revealed the degranulation of the rough endoplasmic reticulum (ER) and mitochondrial swelling in PC-3 and C4-2B cells transfected with miR-139 ( Fig. 5A and B) .
Discussion
The majority of early-stage PCa tumors are hormone-dependent, so androgen deprivation therapy is the conventional treatment. However, >50% of patients will experience recurrence and metastasis or develop androgen-independent disease. The failure of endocrine therapy or the development of chemotherapy resistance leads to a reduction in quality of life and a decrease in survival time for the affected patients (3). A number of previous studies have demonstrated that miRNA dysregulation is a common event in tumor tissues. miRNAs are highly conserved, non-protein-coding, small, single-stranded RNAs that widely occur in eukaryotic genomes. Genetic variants in miRNA genes may alter miRNA expression and function, affecting human disease (12, 13) . Previous studies have revealed that miRNAs participate in a number of physiological and pathological processes by degrading target mRNAs. For example, in tumorigenesis and cancer development, different miRNAs can either promote or inhibit the expression of oncogenic genes (5, 14) . In addition to functioning as biomarkers, miRNAs may become direct targets for cancer treatments, potentially providing a novel direction for malignant tumor diagnosis, treatment and prognosis. Previous miRNA microarray analyses have revealed that miR-139 expression is downregulated in gastric cancer (15) , colon cancer (16), breast cancer (17) , liver cancer (18) and glioma (19) , evidence of the association between reduced miR-139 expression and tumorigenesis; however, the expression of miR-139-5p in PCa remains unclear. Therefore, the present study aimed to investigate expression and biological functions of miR-139 in prostate cancer cells.
In the present study, the analysis of the cell cycle of cells transfected with miR-139 revealed a significantly increased percentage of cells in the G 1 phase and a decreased percentage of cells in the S and G 2 phases. miR-139 appeared to inhibit the proliferation of PCa cells by inducing G 0/1 -phase cell cycle arrest. Cell growth experiments in vitro confirmed that miR-139 significantly inhibited PCa cell proliferation. A previous study also revealed that miR-139 inhibited cell proliferation and induction of G 0 / 1 arrest in colorectal cancer (9) . Previous studies suggested that the expression of miR-139 induced apoptosis in colorectal cancer and glioma cells (9, 18) . By contrast, the results of the present study demonstrated that miR-139 had no effect on apoptosis in all three PCa cell lines tested.
Mechanistic investigations by Zhang et al (9) and Song et al (20) revealed that miR-139 suppresses colorectal cancer proliferation by targeting Notch1 mRNA. Another previous study revealed that Notch signaling serves complicated functions in PCa (21) . The luciferase reporter assay conducted in the present study revealed that luciferase activity was significantly decreased in C4-2B and PC-3 cells co-transfected with the wild-type Notch1 3'UTR and miR-139. The results indicated that miR-139 bound Notch1 directly in PCa cells. In addition, western blot analysis revealed that the levels of Notch1 and cyclin D1 protein in miR-139 transfected cells were markedly lower. As cyclin D1 has been demonstrated as a direct target of Notch1 in breast cancer (22) , we hypothesized that miR-139 also targeted Notch1 and regulated the expression of cyclin D1 in PCa. MMP7 and MMP9 are involved in wound healing and tumor malignancy (23, 24) , so the decreased levels of MMP7 and MMP9 in miR-139-transfected cells supported the conclusion that transfection with miR-139 reduced cell migration and malignancy.
A previous study suggested that the mitochondria-associated ER membrane functions as a platform for various intracellular stress responses, including apoptotic signaling, inflammatory signaling, the autophagic response and the unfolded protein response, and dysregulation of these signaling pathways may be associated with cancer cell metabolism (25) . ER-associated protein degradation may act as a key regulatory factor that decides cell fate in breast cancer (26) . The present study observed rough ER degranulation and mitochondrial swelling in miR-139-transfected PCa cells, although the mechanism by which this occurred is unknown. The ultrastructural changes may be associated with protein interactions between Notch1 and cyclin D1.
Evidence suggests that other miRNAs also serve an important function in PCa. Cohort research has suggested that it is possible to use the measurement of 14 miRNAs as a combined 'miR Score' to identify low-risk aggressive PCa (27) . For instance, the decreased expression of miRNA-128 in the serum and PCa tissue may be associated with the malignant progression of tumors and a decreased recurrence-free survival rate (28) . miRNA-195 suppresses tumor cell proliferation and metastasis by directly modulating the expression of breast cancer-overexpressed gene 1 (29) , while suppressing cell migration and invasion by targeting FOS-like 1 expression in PCa (30) . By contrast, miRNA-556-5p functions as an onco-miRNA and promotes prostate cancer cell growth by suppressing protein phosphatase 2 regulatory subunit B-α (PPP2R2A) expression. Previous experimental data have demonstrated that the ectopic expression of miRNA-556-5p results in the downregulation of PPP2R2A protein, which in turn results in the downregulation of cyclin dependent kinase inhibitor 1B and the upregulation of cyclin D1 (31) . The molecular interaction networks between different miRNAs, their respective target proteins and the complete cancer-associated mechanisms underlying the effect of miRNAs remain to be clarified.
In summary, to the best of our knowledge, the present study revealed for the first time that miR-139 reduces cyclin D1 expression and inhibits cell proliferation through targeting Notch1 in PCa. Furthermore, MMP7 and MMP9 expression was downregulated in miR-139-transfected PCa cells. These data suggested that this pathway may be a potential therapeutic target for PCa treatment.
